This study was designed to determine whether ii-lactam antibiotics (cephalosporins and penicillins) are all substrates for the renal oligopeptide/H+ symporter and, if so, whether the transport system discriminates among the numerous #l-lactam antibiotics. We used [3HIglycylglutamine, 13Hlcephalexin, and 13H1-ampicillin as probes for the transport of oligopeptides, cephalosporins, and penicillins in kidney brush border membrane vesicles, respectively. Among the lt-lactam antibiotics, only those with an a-amino group in the phenylacetamido moiety were found to interact with the oligopeptide/H+ symporter.
Introduction f3-Lactam antibiotics (cephalosporins and penicillins) are widely used for the treatment of bacterial infections. The kidney has a key role in the elimination of these antibiotics from plasma, since they are almost completely excreted into the urine whether administered orally or intravenously (1, 2) . The urinary excretion appears to be the result of two processes: glomerular filtration and secretion into the tubular lumen ( 1, 3) . Although the transepithelial flux of(3-lactam antibiotics has not been studied in detail, the following steps seem to be involved in the latter process. There is evidence that the f-lactam antibiotics, circulating in the blood, are taken up into tubular cells by means ofthe paraaminohippuric acid transport system located in the basolateral membrane (4) . Efflux of the antibiotics from the tubular epithelium into the lumen is probably mediated by multiple transport systems, including anion and cation exchangers located in the brush border membrane (5) (6) (7) .
A recent study has suggested that the renal handling of 1-lactam antibiotics may also include tubular reabsorption. This suggestion is based on the finding (8) of a transport system for 3-lactam antibiotics in kidney brush border membrane vesicles (BBMV).' Even more striking is that apparently 3-lactam antibiotics and oligopeptides share the same transport system. Although a common transport system for two seemingly dissimilar groups of substrates may appear unusual, an examination of the structures of these compounds shows that the basic configuration of 0-lactam antibiotics resembles the backbone of a tripeptide, with the COOH-terminal peptide bond incorporated into a four-membered /3-lactam ring (Fig. 1 ). This ring is fused into either a six-membered dihydrothiazine ring, in the case ofcephalosporins, or a five-membered thiazolidine ring, in the case ofpenicillins (9) . Variations in the configuration of 3-lactam antibiotics occur predominantly at R, of both penicillins and cephalosporins ( Fig. 1) as well as at R3 in the dihydrothiazine ring ofcephalosporins (Fig. 1 ) . The amino group of aminopenicillins and aminocephalosporins is attached at R2.
Studies from several laboratories, including our own (10) (11) (12) , have shown that the uptake of oligopeptides across the brush border membrane of kidney tubular cells is mediated by two distinct transport systems. One is characterized as the highaffinity/low-capacity and the other as the low-affinity/highcapacity oligopeptide transporter. In addition, we found that the high-affinity system does not operate in the absence ofa pH gradient, whereas the low-affinity transport system does ( 11).
The objectives of the present experiment, using kidney BBMV, included the investigation of the following questions. (a) Is either the oligopeptide/H+ symporter or the low-affinity carrier system involved in the transport of 3-lactam antibiotics? (b) Does the transport system discriminate among the numerous 13-lactam antibiotics? The apparent affinities of 1- [glutamine-3,4-3HIglycylglutamine ( Preparation ofBBMV. BBMV were prepared from the cortex and outer medulla of rat kidneys using a Mg2+/EGTA precipitation technique as previously described ( 11 ). Determination ofthe specific activity of the membrane marker enzymes in the final membrane preparation in relation to the starting homogenate revealed no enrichment of K+-stimulated ouabain-sensitive Na+/K+-ATPase, but a 13-fold enrichment for alkaline phosphatase and 16-fold enrichment for Sy-glutamyl transferase. BBMV were loaded, if not stated otherwise, with 50 mM Hepes, 75 mM Tris, and 100 mM K2SO4 (pH 8.3).
Uptake of [3H]glycylglutamine, [3H]cephalexin, and [3H]-
ampicillin. Uptake studies were performed at 240C by using a rapid filtration technique with filters (HAWP type, 0.45-Mum pore size; Millipore Corp., Bedford, MA) as described previously ( 1) . Uptake was initiated by rapidly mixing 20 Ml of membrane suspension ( 150 Mg of protein) preloaded with buffer (pH 8.3) with 80 ,l of medium consisting of 50 mM Hepes, 50 mM 2-[N-morpholino]ethanesulfonic acid (Mes), 25 mM Tris, and 300 mM mannitol (pH 6.0) and 4.9 ,Ci/ml of [3H]glycylglutamine or 4.26 MCi/ml of [3H]ampicillin. The resulting final pH was 6.7. Incubation of vesicles was terminated by a 50-fold dilution with an ice-cold stop solution (2 mM Hepes/Tris, 210 mM KC1, pH 7.5), followed by filtration. The filters were washed with 4 ml of stop solution. The radioactivity associated with the filter was counted in 10 ml HiSafe III (Pharmacia LKB, Piscataway, NJ) in a #-scintillation counter (Packard Tricarb, Downers Grove, IL). Unspecific binding of the labeled compounds to the filter (< 1% of uptake) was subtracted from the transport data.
The experiments determining the structure-affinity relationship of the f-lactam antibiotics were performed with 5 s of incubation at a [3H]glycylglutamine concentration of 0.1 MuM in the presence of an inwardly directed pH gradient of 1.6 units. This pH gradient maximally stimulated dipeptide uptake into BBMV (1 1, 13). All competitors were added to the incubation medium in concentrations between 0.1 MM and 10 mM. Medium osmolarity was adjusted to 440 mosmol/ liter by the addition of mannitol. Uptake of [3H] cephalexin into kidney BBMV was determined as a function of incubation time in the presence and the absence of a transmembrane pH gradient as described above with a cephalexin concentration of 0.5 MM. To distinguish between transport into an osmotically reactive space and binding to the membrane, pH gradient-dependent [3H]cephalexin uptake (1.65 MM) was studied in the presence of in- Uptake as a function oftime. Initially, we determined the time course of uptake of 100 ,uM [3H]glycylglutamine into BBMV in the absence and presence of a transmembrane pH gradient (pHin 8.3, pH.., 6.7) . A pronounced overshoot phenomenon was observed in the presence of a pH gradient, but not in the absence of a pH gradient (Fig. 2 ). At 20 s ofincubation, the uptake in the presence of a pH gradient was about fourfold higher than in the absence of a pH gradient (Fig. 2) . We have previously shown that the initial glycylglutamine influx (up to 30 s) into renal BBMV represents entirely uptake of the intact dipeptide (11). Furthermore, glycylglutamine is taken up into an osmotically reactive space with negligible binding to the membrane ( I1 ). Since the influx of glycylglutamine during the initial 8 s was linear, we used an incubation time of 5 s for all the subsequent studies.
Type ofinteraction. The interaction of f-lactam antibiotics with [3H]glycylglutamine at the substrate binding site could be either competitive, noncompetitive, uncompetitive, or partially competitive. To determine the type ofinteraction, uptake of 0.2, 0.3, and 1.0 ,gM [ 3H ]glycylglutamine was measured in the presence of increasing concentrations of cephalexin, loracarbef, and amoxicillin (0.1-1 mM). Uptake rates ofglycylglutamine were plotted as a function of the inhibitor concentration according to Dixon, which allows one to distinguish between competitive and noncompetitive on the one hand and uncompetitive and partially competitive inhibition on the other. All compounds exhibited kinetics ( Relation between structure of cephalosporins and affinity. Cephalosporins vary in structure because ofthe different configurations of R,, R2, and R3 and depending on whether carbon or sulfur occupies the first position of the dihydrothiazine ring ( Fig. 1) . The purpose of the following experiments was to investigate the influence of these configurational variations on the affinity of cephalosporins for binding to the oligopeptide/ H+ symporter. Cephalosporins have either NH2 or H as the R2 substituent. All of the various a-amino cephalosporins examined showed a rather high affinity for the binding site ofthe transporter (Table   I ). The Ki values ranged between 55.9±3.6 (cefadroxil) and 1,561±482 gM (cephaloglycin). In contrast, cephalosporins without an a-amino group, regardless oftheir particular configuration, such as those shown in Table I 55.9±3.6 ;M).
The importance of the conformation of a-aminocephalosporins was studied by determining the K, values for loracarbef and epiloracarbef. Loracarbef is homologous to cefaclor, except that the sulfur atom of the dihydrothiazine ring is substituted by a carbon atom. This exchange reduced the apparent affinity (app. Ki) from 60.1±3.2 gM (cefaclor) to 84.1 ± 1.1 jaM (loracarbef), indicating that sulfur in the dihydrothiazine ring is not of great importance in overall substrate recognition. In contrast to this structural difference, conformation seemed to be critical for a high affinity interaction with the binding site.
As shown in Fig. 4 , in the case of epiloracarbef, much higher concentrations were necessary to cause 50% inhibition of glycylglutamine uptake than in the case of loracarbef. The apparent affinity of epiloracarbef was seven times lower (K, 602.1±3.2 ,uM) than that of loracarbef.
The conformation of cephalosporins in relation to affinity was further elucidated in regard to the stereospecificity ofinteraction with the carrier site. We determined the Ki values for Dand L-isomers of two aminocephalosporins, cephalexin and loracarbef. The apparent affinity of L-cephalexin was significantly (P < 0.01 ) higher than that ofits 1-isomer (K, 43 (Fig. 6) . The Eadie-Hofstee plot of the data shown in the inset to Fig. 6 after subtraction of a diffusional component reveals the presence of a high-affinity and a low-affinity transport system. The kinetic constants of the two affinity sites were determined by nonlinear regression analysis and least-square fitting. (1) benzylpenicillin, (2) ampicillin, (3) cephaloglycin, (4) amoxicillin, (5) Gly-Gly-Gly, (6) cephalexin, (7) glycylglutamine, and (8) Relation between the structure ofpenicillins and affinity. In general, penicillins (Table II) caused much less inhibition of [3H]glycylglutamine uptake than did the aminocephalospo- 
Discussion
Our study suggests that the transport of aminocephalosporins into renal BBMV is largely mediated by the oligopeptide/H+ symporter. This suggestion is supported by several lines ofevidence. First, both cephalexin and loracarbef competitively inhibited the uptake of glycylglutamine (Fig. 3) . Second, like glycylglutamine, there was pH gradient-dependent uptake of cephalexin with a pronounced overshoot phenomenon (Fig.   5 ), which indicates that the transport of both glycylglutamine and cephalexin involves a proton symport. Third, the uptake of cephalexin as a function of concentration displayed saturation kinetics (Fig. 6 ) comparable to that ofglycylglutamine studied under similar experimental conditions ( 11). Fourth, as shown in Fig. 7 , there was a highly significant correlation in the poten- symporter. In particular, the study provides novel information on the importance ofthe a-amino group, configuration ofNH2 and COOH termini, and conformation for interaction of lactam antibiotics with the transporter. Importance of the a-amino group in the m-phenylglycyl moiety. Our studies demonstrate that ,-lactam antibiotics without an a-amino group do not interact with the symporter. The observation that the existence of an a-amino group is an essential feature for interaction with the substrate binding site of the carrier confirms our previous findings using di-and tripeptides as substrates ( 13 ) . Oligopeptides with either blocked or substituted a-amino groups did not interact with the oligopeptide/H+ symporter (13) . The only exception found thus far is that metampicillin, in which the a-amino group is substituted by a related methylene amino group, retains some affinity (Table II) .
It is possible that the failure ofnonamino lactam antibiotics to interact with the oligopeptide/H+ symporter could be related to the fact that they are anions, whereas the zwitterionic aminolactam antibiotics have no net charge at the pH used in our experiment. This possibility, however, does not seem likely. We have previously shown ( 13) that negatively charged dipeptides have a rather high affinity for the oligopeptide/H' symporter (apparent Ki values 150-300 ,uM).
Importance of the configuration of NH2 and COOH termini. When we investigated the impact of NH2-and COOHterminal amino acid residues on the affinity of di-and tripeptides, it became apparent that hydrophobicity but not the molecular size of the amino acid residues determines the affinity. In fact, there was a significant correlation between the hydrophobicity of oligopeptides and their Ki value ( 13 ) . The results of this study also indicate that an increase in the hydrophobicity of the NH2 terminus (phenylglycyl chain) as well as of the COOH terminus (R3 substituents) increases the affinity of the aminocephalosporins. The aminocephalosporins containing hydrophobic R3-substituents like Cl and CH3 had the highest affinity for the transporter. The hydrophilic and bulky R3 substituent in cephaloglycin, for example, caused a > 20-fold decrease in affinity compared with the C1 residue in cefaclor. As judged by the comparison of cephalexin and cephradine and the various aminopenicillins, decreasing the polarity of the NH2-terminal side chain also increases the affinity.
Conformation off-lactam antibiotics. Although the oligopeptide/H+ symporter preferentially binds oligopeptides containing L-a-amino acids, we previously found that this structural requirement can be modified ( 13) . Dipeptides with hydrophobic NH2-terminal 1-amino acid residues displayed a high affinity (K1 values ranging between 50 and 150 ,M) for the transporter ( 13) . The present results are consistent with this observation. All the aminolactam antibiotics listed in Table II had a D-phenylglycylamido function, but still showed a rather high affinity for the oligopeptide/H+ symporter.
Nevertheless, as demonstrated with D-and L-isomers of cephalexin and loracarbef, the interaction of the aminocephalosporins with the transporter also occurs stereospecifically. However, the difference in the K1 values ofD-and L-cephalexin was lower than the difference between the Ki values of D-and L-loracarbef. This difference might be due to a difference in hydrolysis of these amino cephalosporins by kidney brush border membrane hydrolases. To investigate this possibility, we determined the extent of hydrolysis of D-and L-isomers of cephalexin and loracarbef ( 100 uM) after 1 min of incubation with kidney BBMV. We found that there was no hydrolysis of either D-cephalexin or D-loracarbef. On the other hand, there was a greater hydrolysis of L-cephalexin than of L-loracarbef (34±6 vs. 14±4%). Therefore, the apparent affinity ofL-cephalexin may have been underestimated.
A similarity between the configurations ofthe j3-lactam ring of cephalosporins and penicillins and the peptide bond of oligopeptides is that both have a planar structure. Although the thiazolidine and dihydrothiazine rings are rigid, there is some degree of rotational freedom around the C-N bond connecting the phenylglycyl chain and the lactam ring ( 18) . This rotational freedom, which is equivalent to the rotational freedom along the a-carbons ofoligopeptides, apparently allows enough flexibility for enabling lactam antibiotics to fit into and anchor at the binding site on the transporter. However, the fact that the conformation can be a limiting factor for a high-affinity interaction of f3-lactam antibiotics with the oligopeptide/H+ symporter is evident from the large difference between the affinities of loracarbef and epiloracarbef (Fig. 4) . Computational analysis to determine bond angles revealed that the usual torsional angle of the C-N bond between the phenylglycyl chain and the lactam ring is in the range of -1800 to -160° ( 18) . This particular conformation seems quite important for the high affinity of aminolactam antibiotics, as evident from the low affinity of epiloracarbef. In epiloracarbef, the lactam ring structure faces in a usual manner below the plane of the paper.
Cephalosporins vs. oligopeptides. The apparent affinities of the aminocephalosporins studied in this experiment ranged between 45 and 1,560 ,uM (Table II) . This is comparable to the range of affinities ( 10-500 MM) of 66 di-and tripeptides we previously studied. This similarity allows certain insights into the molecular structure and conformation that determine the affinity for the oligopeptide/H+ symporter.
(a) The cephem nucleus of cephalosporins approximates the two COOH-terminal amino acid residues of tripeptides. In comparison to this structural aspect of tripeptides, the cephem nucleus represents a rather rigid structure and exists in only one conformation ( 18 (18) . In the cephalosporins the carboxyl group is located almost planar to the cephem nucleus, whereas in the penicillins it faces below the planar thiazolidine ring. As a result, the interatomic distance between the carboxyl group and the carbonyl oxygen in penicillins is 1 A longer than in the cephalosporins ( 18) . When measured in relation to the ,B-lactam ring carbonyl carbon, the distance in penicillins is shorter by 0.5 A. It is pertinent to note that the other interatomic distances, for example, the distance between the peptide bond nitrogen in the phenylacyl chain and the ,B-lactam ring carbonyl carbon, are not different in penicillins and cephalosporins.
The carboxyl oxygens are probably involved in electrostatic or dipole interactions with the substrate binding site of the transporter. We have previously shown that the free carboxy group in a substrate is important for a high-affinity interaction with the oligopeptide/H+ symporter. Therefore, a novel finding ofthis study is that the spatial location ofthe carboxy group in relation to the other functional groups ofthe molecule is also quite important for substrate recognition and binding.
Evidencefor a second transport systemfor fl-lactam antibiotics. A major finding ofthis study was the discovery ofanother transport system, besides the oligopeptide/H+ symporter, mediating the transmembrane flux of f3-lactam antibiotics. The fact that this system is carrier-mediated is suggested by: (a) saturation in the uptake of ampicillin as a function of concentration and (b) competitive inhibition of uptake of ampicillin by other lactam antibiotics. Evidence that this system is distinctly different from the oligopeptide/H+ symporter includes the following. (a) The transport activity of the electrogenic oligopeptide/H' symporter is dependent on the existence of an inwardly directed proton gradient, whereas ampicillin uptake was found to be unaffected by imposition of an inwardly directed H' gradient. (b) Various f3-lactam antibiotics competed with the uptake of ampicillin whether or not they contained an a-amino group. In contrast, the oligopeptide/H' symporter is highly specific for substrates containing an aamino group.
The fact that f3-lactams without an a-amino group, like benzylpenicillin, inhibited only ampicillin uptake and not glycylglutamine uptake suggests that the recently identified transport protein in kidney BBMV ( 17) is related to the second transport system for ,3-lactam antibiotics described above. This suggestion is based on the following considerations.
The 127-kD protein was identified and characterized by photolabeling experiments with kidney and intestinal BBMV using benzylpenicillin and photoreactive azido analogues of Gly-Pro and cephalexin (17, (19) (20) (21) . All three photoprobes labeled the same protein. Furthermore, substrate protection experiments with dipeptides, cephalexin, cefadroxil, and amoxicillin established the specificity of the incorporation of the label. However, it is pertinent to note that none of the photoprobes contained a free a-amino group; benzylpenicillin does not carry an a-amino group and the a-amino group of both cephalexin and Gly-Pro was blocked by attachment ofthe photoreactive azidobenzoate function. In view of our data on the substrate specificity of the transport system ( 13), it seems unlikely that the 127-kD protein labeled with these photoprobes represents the oligopeptide/H+ symporter. As we have shown with oligopeptides as well as with the #-lactam antibiotics, a free a-amino group is a necessary feature for any interaction of a substrate with the carrier site. f3-Lactam antibiotics without an a-amino group, regardless of their particular structure, as well as oligopeptides with a missing or blocked a-amino group (13), did not interact with the oligopeptide/H+ symporter. The fact that the second transport system, identified by us using ampicillin as a probe, and the 127-kD protein both accept lactam antibiotics without an a-amino group suggests that they are related.
Conclusion. The results of this study suggest that the transport ofzwitterionic a-aminocephalosporins is largely mediated by a system that has been characterized previously as the electrogenic oligopeptide/H+ symporter in kidney BBMV. In comparison with a-aminocephalosporins, the a-aminopenicillins display much lower affinities. These differences in affinities seem to be determined by the substituents ofthe thiazolidine or dihydrothiazine ring and, in particular, by the sterical location of the carboxy group. On the other hand, penicillins, with or without an a-amino group, seem to share a low-affinity transport system with other fl-lactam antibiotics and oligopeptides.
This system operates in the absence of a transmembrane pH gradient and is less discriminative with respect to the structural features of its substrates. These results may have application in the design of new lactam antibiotics, which are continually being introduced as therapeutic agents. This work was supported by a grant from the National Institutes of Health (DK-1586 1).
